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The correct positioning of neurons during development—achieved through directed migra-
tion—is the basis for proper brain function. Several decades of research have yielded a 
comprehensive map illustrating the temporal and spatial events underlying neurogenesis 
and neuronal migration during development. The discovery of distinct migration modes 
and pathways has been accompanied by the identification of a large interwoven molecular 
network that transmits extracellular signals into the cell. Moreover, recent work has shed 
new light on how the cytoskeleton is regulated and coordinated at the molecular and cellular 
level to execute neuronal migration.In several hand drawings illustrated in Ramón y Cajal’s 
opus “Textbook on the nervous system of man and the 
vertebrates,” the central nervous system (CNS) was por-
trayed, for the first time, as an intricate network with a 
highly complex organization (Ramon y Cajal, 1911). From 
a developmental point of view, the formation of such a 
complex organ is nothing less than a biological marvel.
One fundamental question in the field of developmen-
tal neuroscience is how neurons find their proper posi-
tion. Research in past decades has provided compelling 
evidence showing that neuronal migration is achieved 
through a rearrangement of cytoskeletal components in 
response to extracellular cues, mediated by numerous intracellular signaling pathways. Here, we review our cur-
rent understanding of the cellular events underlining the 
process of neuronal migration with an emphasis on the 
large number of molecular pathways that regulate this 
process. For the sake of conciseness, we will primarily 
focus on the cellular and molecular events involved in cor-
tical development. Finally, we will briefly touch upon the 
role of neurogenesis and neuronal migration in the adult.
Fundamental Organization of the Forebrain
After closure of the neural tube at an early embryonic 
stage, the most anterior part of the tube becomes an 
enlarged vesicle called the prosencephalon. The wall of Figure 1. Radial Organization of the 
 Cerebral Cortex
(A) Projection neurons are born from radial 
glial cells in the ventricular zone and migrate 
radially along radial glial fibers toward the pial 
surface. During each cell cycle, the progenitor 
cells undergo a distinctive pattern of oscilla-
tion, termed interkinetic nuclear migration. 
Cells undergo S phase at the basal surface 
of the ventricular zone and mitosis (M) at the 
apical surface. The first cohort of neurons that 
migrate out of the ventricular zone constitutes 
the preplate. The subsequent wave of neuron-
al migration splits the preplate into two layers: 
the more superficial marginal zone, which con-
sists of the Cajal-Retzius cells; and the deeper 
subplate. Projection neurons may use any of 
two distinct modes of radial migration, somal 
translocation, or locomotion, to arrive at their 
final position in the cortex. 
(B) Primary routes of tangential migration. Pro-
jection neurons migrate radially from the dor-
sal ventricular zone (a). Interneurons express-
ing GABA originate from the subpallium structures, the LGE, MGE, and AEP, and migrate tangentially into the olfactory bulb (b) or the cortex 
(c and d). When they arrive at the cortex, some of these neurons are directed toward the ventricular zone before radially migrating into the 
cortex (d). MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence; AEP, anterior entopeduncular area.Cell 128, January 12, 2007 ©2007 Elsevier Inc. 29
this structure is composed of one continuous sheet of 
neuroepithelial cells that will give rise to all of the struc-
tures in the forebrain including the cerebrum, hippocam-
pus, and thalamus.
The developmental progression of the cerebral cortex 
is unique to mammals and is fairly conserved throughout 
species. As such, events described in this review, obser-
vations mostly made in mouse models, are applicable 
to humans. Cortical neurons arise from the proliferative 
pseudostratified epithelium at the margin of the embry-
onic cerebral ventricles (Rakic, 1982). During each cell 
cycle, the progenitor cells undergo a distinctive pattern 
of oscillation in the ventricular zone, termed interkinetic 
nuclear migration (Figure 1A). Cells undergo S phase at 
the basal surface of the ventricular zone and mitosis at 
the apical surface. Prior to the onset of neurogenesis, 
most progenitor cells undergo symmetric cell division 
to produce two daughter cells that adopt the progenitor 
fate. As cortical development proceeds, the length of the 
cell cycle increases primarily through extension of the G1 
phase. Concurrently, cells begin to undergo asymmetric 
cell division, and the fraction of cells that begin to differ-
entiate into neurons increases, whereas the proportion 
of cells remaining as progenitors decreases. Toward the 
end of cortical development, the majority of neural pro-
genitors give rise to two daughter cells that differentiate 
into neurons, leading to the eventual depletion of neural 
precursors (Caviness and Takahashi, 1995).
Once a cell has exited the cell cycle, it must migrate 
out of the ventricular zone toward its final resting place 
in the developing neocortex. At about mouse embry-
onic day 11 (E11), the first cohort of neurons that 
migrate out of the ventricular zone constitutes the pre-
plate. An intermediate zone of axons is laid down by the 
emigration of the first wave of neurons and separates 
the germinal layer from the mantle of postmitotic cells. 
The subsequent wave of neuronal migration (?E13) 
splits the preplate into two layers: the more superficial 
marginal zone, which consists of the Cajal-Retzius cells 
born in the first wave of migration; and the deeper sub-
plate, which is constituted by the rest of the primordial 
cells (Figure 1A). The development of the cerebral cor-
tex progresses with successive waves of migration that 
position neurons within the different layers in the corti-
cal plate (Hatten, 1999).
Two general types of migration have been identified 
in the forebrain on the basis of its orientation: radial 
migration, in which cells migrate from the progenitor 
zone toward the surface of the brain following the radial 
layout of the neural tube; and tangential migration, in 
which cells migrate orthogonally to the direction of radial 
migration (Marin and Rubenstein, 2003).
Radial Migration
As a major route, radial migration is deployed to con-
struct highly laminated structures in the CNS such as 
cerebral and cerebellar cortices as well as other struc-
tures such as the spinal cord, striatum, and thalamus. 30 Cell 128, January 12, 2007 ©2007 Elsevier Inc.About 80%–90% of all cortical neurons arise from the 
proliferative zones of the dorsal telencephalon and 
migrate radially to occupy their place in the cortex. Dur-
ing embryogenesis, as proliferation in the neuroepithe-
lium thickens the cortical wall, a system of radial glial 
fibers appears across the radial plane. Each radial glial 
cell has its cell body (soma) in the ventricular zone and 
elaborates a process that spans the wall of the neural 
tube and reaches the pial surface, where it is anchored 
to the basal membrane. Recent evidence has shown 
that radial glial cells not only provide the primary path-
ways for directed migration, but also themselves are the 
neural progenitors (Kriegstein and Noctor, 2004).
Detailed time-lapse video analysis of migrating neu-
rons in acute brain slices has apparently revealed two dis-
tinct modes of radial migration used by neurons (Figure 
1A). Neurons using somal translocation seem to extend 
a long leading process with branched ends attached to 
the pial surface. By shortening this process, the cell body 
is progressively pulled. Neurons in locomotion, by con-
trast, extend a shorter unbranched leading process that 
does not terminate at the pial surface and whose length 
remains relatively stable during migration. Nevertheless, 
these two modes are not cell-type specific, because many 
locomoting cells switch to somal translocation when the 
leading process reaches the pial surface at the final stage 
of their migration (Nadarajah et al., 2001).
Analysis of the migratory movements displayed by 
late stage, locomoting neurons demonstrated that they 
pass through a series of distinct stages characterized 
by abrupt changes in cell polarity and morphology, 
direction of movement, and speed of migration, as they 
progress toward the cortical plate. One possible expla-
nation for this behavior is that these cells are actively 
exploring their microenvironment for directional cues. 
Afterwards, these cells take on the bipolar morphology 
of migrating neurons and conclude their radial migration 
to the cortical plate. It is unclear why neurons display 
distinct migratory behaviors, but it has been suggested 
that these movements define unique subpopulations of 
cortical neurons (Kriegstein and Noctor, 2004).
Tangential Migration
Although radial migration accounts for the bulk of cortical 
neurons, many studies have revealed that a subpopula-
tion of neurons moves tangentially across the plane of the 
glial fiber system. These cells, which include the majority 
of γ-aminobutyric acid-expressing (GABAergic) interneu-
rons and some cortical oligodendrocytes, originate in the 
subpallium. Two major tangential routes have been identi-
fied: (1) from the medial ganglionic eminence (MGE) to the 
neocortex and hippocampus, and (2) from the lateral gan-
glionic eminence (LGE) to the olfactory bulb (Kriegstein 
and Noctor, 2004; Marin and Rubenstein, 2001). This lat-
ter migratory route persists into adulthood and is called 
the rostral migratory stream (Figure 1B).
The migratory trajectories of interneurons display 
distinct temporal and spatial patterns. At early embry-
onic stages, interneurons origi-
nating from the MGE migrate 
ventrally, passing the develop-
ing striatum, to enter the mar-
ginal zone and the subplate of 
the cortex. At midembryonic 
stages (E12.5–E14.5 in mouse), 
interneurons from the MGE cir-
cumvent the striatal mantle and 
invade the subventricular zone 
(SVZ), the lower intermediate 
zone (IZ), and the subplate. 
Finally, at late stages, both the 
LGE and MGE contribute to 
the cortical interneurons. Inter-
estingly, although the MGE 
interneurons migrate robustly 
into the cortical plate, the LGE 
neurons are directed toward 
the SVZ where they appear 
to become mitotically active 
(Marin and Rubenstein, 2001).
A host of transcription factors 
have been identified that either 
control the differentiation of 
subpallial interneurons (DLX1, 
DLX2, and Mash1) or regulate 
the regionalization of the subpallium (Nkx2.1, Pax6, and 
Gsh2). Insight into the origins of diverse routes of tangen-
tial migration has been facilitated tremendously by ana-
lyzing the alterations of the migration patterns in mutant 
mice depleted of these transcription factors (Marin and 
Rubenstein, 2001).
Recent studies have revealed the possibility that the 
radial and tangential migration pathways are not neces-
sarily exclusive and some neurons may use both routes 
to achieve their final position. For instance, some neu-
rons that express the calcium binding protein, calbindin, 
have been observed to switch from a radial to a tangen-
tial orientation. Conversely, up to 40% of tangentially 
migrating interneurons display a “ventricle-directed” 
movement toward the ventricular zone before migrat-
ing radially into the cortical plate (Kriegstein and Noctor, 
2004). The diversity and complexity in migration routes 
is speculated to be a biological strategy to facilitate the 
efficient coordination between projection neurons and 
interneurons across cortical regions (see below).
Neuronal Birth Date and Layer Specification
One of the most interesting aspects of cerebral cortical 
development is the tight correlation of laminar fate with 
the birth date of a given neuron. Studies that examine 
the birth date of neurons have shown that as each wave 
of neurons is born, the cells migrate past the neurons 
previously located in the cortical plate and come to rest 
right below the marginal zone. Thus, the layers in the 
cortical plate (future adult layers II–VI) are established 
according to an inside-out pattern where the earliest 
waves of neuronal migration 
will go on to form the deeper 
layers of the cortical plate 
(V–VI), while the last waves of 
neurons will be localized to the 
more peripheral layers II and III 
(Marin and Rubenstein, 2003).
The nature of layer-fate spec-
ification has been addressed in 
transplantation experiments, 
revealing that early-born, but 
not late-stage progenitor cells, 
were capable of sensing local 
microenvironmental cues that 
establish layer fate (Kriegstein 
and Noctor, 2004). Hence, not 
only do the signals that direct 
the neurons to specific layers 
change, but also the compe-
tence of the neurons to respond 
to those signals changes as 
development proceeds.
Interestingly, the radially 
migrating neurons and the tan-
gentially migrating interneu-
rons that are born at the same 
time, share the same laminar 
fate. This is quite remarkable, considering the fact that 
the GABAergic interneurons are migrating across a 
much longer distance and are not exposed to the same 
microenvironmental cues as the radially migrating neu-
rons until late in their migratory path. Transplantation 
experiments suggest that interneurons are capable of 
sensing layer-fate determinant cues from the cortical 
microenvironment (Marin and Rubenstein, 2003). These 
results provide a possible explanation for the migratory 
behaviors displayed by the projection neurons from the 
cortex and the GABAergic interneurons from the MGE. It 
is plausible that cortical projection neurons spend time 
in the exploratory, multipolar stage, “searching” for the 
incoming interneurons arriving from the MGE (Figure 2). 
At the same time, incoming interneurons might need to 
descend to the ventricular zone in order to receive the 
correct layer specification cues from the local micro-
environment or multipolar neurons. The nature of this 
behavior, as well as the identity of the molecular deter-
minants for layer specification, is still a mystery.
Cellular Events Involved in Neuronal Migration
Although neurons may migrate into the cortex by distinct 
modes or paths, there appears to be a general basic 
model of neuronal movement requiring exquisite regu-
lation of three repetitive steps. First, the cell extends a 
leading neurite, preceded by a growth cone that extends 
and contracts as it explores the microenvironment. Next, 
it is followed by the translocation of the nucleus into the 
leading neurite. Finally, there is the retraction of the trail-
ing process, an aspect of migration that is very poorly 
Figure 2. Radially Migrating Projection Neurons 
and Tangentially Migrating Interneurons Born at 
the Same Time, Share the Same Laminar Fate
As a projection neuron is born, it migrates radially from the 
ventricular zone to the subventricular zone (a). At the same 
time, incoming tangentially migrating interneurons, which 
were born on the same date as the projection neurons, (b) 
descend to the subventricular zone, where they potential-
ly make contact with the stationary, multipolar projection 
neuron (c). After receiving positional cues, both cells then 
migrate radially (d) into the cortex, where they share the 
same laminar position (e).Cell 128, January 12, 2007 ©2007 Elsevier Inc. 31
Figure 3. Molecular Network Regulating Neuronal Migration
In order for the new-born neurons to arrive at their correct position, extracellular guidance cues, growth, and neurotrophic factors, and cell adhe-
sion complexes, among others, must trigger a wide range of intracellular signaling cascades and, ultimately, end in the coordinated regulation of 
cytoskeletal dynamics. Some of these pathways, such as Reelin signaling, are very extensively characterized, where others are just beginning to be 
elucidated. Black arrows indicate direct interactions between proteins. Gray arrows indicate downstream activation of a pathway without evidence 
of a direct interaction.understood. As has been previously described, during 
the migratory process, the leading neurite may display 
a number of complex behaviors, including the extension 
of multiple processes and even polarity reversals. Dur-
ing such maneuvers, the nucleus and cell soma remain 
largely immobile. It is not until the leading neurite is con-
solidated and bipolar morphology acquired that somal 
translocation actually occurs (Lambert de Rouvroit and 
Goffinet, 2001). This suggests that there is an independ-
ent but loosely linked mechanism that regulates each of 
these events.
Neurite initiation requires that a “growth cone-like” 
protrusion “migrate” away from the cell body tethered by 
a growing array of microtubule bundles. These bundles 
presumably stabilize the growing neurite and provide 
the means for transporting the membrane necessary for 
extension. The growth cone of the leading neurite is a 
very dynamic structure, exhibiting extension and retrac-
tion of filopodia and ruffling and transient advance or 
collapse of lamellipodia. The shape and size of a growth 
cone reflect the rate of neurite extension. Large, splayed 
growth cones are typical during prolonged pauses, 
as the neurite explores the local microenvironment, 32 Cell 128, January 12, 2007 ©2007 Elsevier Inc.whereas rapidly extending neurites present small and 
streamlined growth cones (Dehmelt and Halpain, 2004).
Nucleokinesis begins with the stabilization of the lead-
ing process, sometimes accompanied by a swelling of 
the proximal end of the neurite. The centrosome, which is 
normally positioned in front of the nucleus, moves into the 
neurite, quickly followed by the translocation of the nucleus 
toward the centrosome (Schaar and McConnell, 2005; Tsai 
and Gleeson, 2005). The role of microtubules in nucleoki-
nesis has been extensively studied. From the centrosome, 
microtubules project back toward the nucleus, where they 
envelop it in a “fork” or “cage”-like structure (Rivas and 
Hatten, 1995; Xie et al., 2003). The traditional model for 
nucleokinesis involves the attachment of microtubules to 
the nuclear envelope, where they exert a traction force that 
“pulls” the nucleus toward the centrosome. However, a 
growing body of evidence, discussed below, indicates that 
the actin cytoskeleton is also involved in this process.
Molecular Mechanisms Regulating Neuronal 
Migration
The mechanisms underlying the directional motility of a 
neuron in vivo are complex, because they coordinate the 
Table 1. Genes Responsible for Human Congenital Disorders Featuring Neuronal Migration Defects
Genes Human Disorders Gene Loci Syndromes Reference
Reelin Lissencephaly with cerebel-
lar hypoplasia
7q22 Mental retardation, hypotonia, epilepsy, 
and myopia
Hong et al., 2000
Lis1 Isolated lissecencephaly se-
quence and its severe form 
Miller-Dieker Syndrome
17p13.3 Mental retardation, epilepsy, and 
 premature death; Miller-Dieker Syndrome 
also has craniofacial abnormalities
Ozmen et al., 2000; 
Reiner et al., 1993
14-3-3 ε Miller-Dieker Syndrome 17p13.3 Craniofacial abnormalities Toyo-oka et al., 2003
DCX Isolated lissecencephaly 
sequence in males and Sub-
cortical band heterotopia in 
females
Xq22.3-23 Mental retardation, and epilepsy; less 
severe in female due to X mosaic 
 inactivation
Lambert de Rouvroit 
and Goffinet, 2001
Filamin A Periventricular heterotopia Xq28 Epilepsy and vascular signs Fox et al., 1998
Fukutin Fukuyama-type congenital 
muscular dystrophy








Muscle-eye-brain disease 1p32-34 Mental retardation, severe myopia, 
 glaucoma and muscular dystrophy
Yoshida et al., 2001
Disc-1 Schizophrenia 1q42.1 Schizophrenia Kamiya et al., 2005; 
Millar et al., 2000net result of how a neuron behaves in a given microen-
vironment. Extracellular guidance cues are interpreted 
through receptors that relay signals to a network of intra-
cellular signaling pathways, ultimately converging onto 
the cytoskeleton. Consequently, it is essential to view 
neuronal migration as a concerted mechanical decision 
made by a large interactive signaling network. In the fol-
lowing section we will attempt to provide a structured 
picture of the complexity of this network (Figure 3). We 
will begin by reviewing the identified cytoskeletal com-
ponents that impart motility to the cell, followed by a dis-
cussion of the signaling mechanisms that regulate the 
behavior of the cytoskeleton.
Cytoskeletal Network
The one common feature among signaling pathways 
that regulate neuronal migration is the eventual involve-
ment of the cytoskeleton. Both microtubule and actin 
networks are believed to operate synergistically to medi-
ate migration, though it is not entirely clear how they are 
coordinated in response to extracellular signals.
Actin and Its Associated Proteins
Disruption of actin dynamics can completely inhibit neu-
ronal migration. Early work demonstrated that disrup-
tion of actin, using cytochalasin B, impairs the migration 
of granule neurons along radial glial processes in vitro 
(Rivas and Hatten, 1995). In addition, mutations that 
destabilize the actin network have profound effects in 
the development of the CNS. Such is the case in periv-
entricular heterotopia, where neurons completely fail 
to migrate out of the germinal layers and form clusters 
that line the lateral ventricles of the brain (Fox et al., 
1998). Periventricular heterotopia is caused by muta-tions in filamin 1 (Table 1), an actin crosslinking protein 
that cooperates with members of the Arp2/3 complex 
to form orthogonal actin networks. Filamin 1 is able to 
interact with a diverse group of transmembrane proteins 
and serves as a scaffold for signaling proteins of the Rho 
family of GTPases, which are also implicated in neur-
ite extension and neuronal migration (Dhavan and Tsai, 
2001; Luo, 2000; Stossel et al., 2001). Although forma-
tion of lamellipodia is driven by Rac, Cdc42 seems to 
play a role in the formation of filopodia. Both in the case 
of lamellipodial actin meshworks and filopodial actin 
bundles, the fast-growing barbed ends of actin filaments 
are oriented toward the periphery. Thus, actin filaments 
are polymerized in the peripheral area of the growth cone 
and undergo rapid retrograde flow, presumably from the 
association with myosin motor proteins, from the leading 
edge toward the center of the growth cone, where they 
depolymerize once again (Dehmelt and Halpain, 2004). 
Rho, which is known for its involvement in neurite retrac-
tion, seems to play a role in regulating the myosin-medi-
ated actin contraction (Luo, 2000).
A second family of actin regulators includes the evo-
lutionarily conserved mammalian Ena (Mena), vasodila-
tor-stimulated phosphoprotein (VASP), and Ena-VASP-
like protein (EVL). Expression of Ena/VASP proteins 
in lamellipodia negatively regulates fibroblast motility 
by associating with the barbed end of actin filaments 
and inhibiting actin capping proteins, thus facilitating 
actin polymerization. In neurons, Mena binds to profi-
lin, another actin binding protein, and is concentrated 
in the filopodia tips of the growth cones. Evidence for 
the involvement of Ena/VASP proteins in neuronal devel-
opment is provided by inhibition of Ena/VASP through Cell 128, January 12, 2007 ©2007 Elsevier Inc. 33
in utero retroviral injection, which results in the ectopic 
localization of the early-born neurons to the more super-
ficial layers (Krause et al., 2003).
Another important actin-associated protein regulat-
ing neuronal migration is the actin-based motor, non-
muscle myosin II. Recent publications revealed that the 
myosin II motor accumulates in the rear of the nucleus 
as the cell migrates. Treatment of in vitro migrating 
neurons with blebbistatin, a specific myosin II inhibitor, 
results in an impairment of nucleokinesis. This observa-
tion led to the hypothesis that the acto-myosin network 
contracts behind the nucleus. The effect of this con-
traction serves two purposes: (1) it creates a forward 
“pushing” force that aids in nuclear movement, and (2) 
it allows the cell to detach from its extracellular envi-
ronment aiding in the retraction of the trailing process 
(Bellion et al., 2005; Schaar and McConnell, 2005). The 
importance of myosin II during brain development is 
demonstrated in mice with point mutations or complete 
deletion of myosin IIB. Although, mutant mice exhibit 
embryonic or perinatal lethality, anatomical observa-
tions of the brain revealed severe enlargement of the 
ventricles and disordered neuronal architecture (Tullio 
et al., 2001). Mice with point mutations in myosin IIB 
show a wide range of neuronal abnormalities, including 
abnormal migration of cerebellar granular neurons and 
impaired tangential migration of neurons originating in 
the MGE (Ma et al., 2004).
Finally, the regulation of actin on a transcriptional level 
has also been unveiled. Serum response factor (SRF) 
controls the expression level of β-actin as well as the 
posttranscriptional modification of an actin-regulatory 
protein, cofilin. SRF loss of function in postmitotic neu-
rons results in the impairment of tangential migration in 
the rostral migratory stream (Alberti et al., 2005).
Microtubules and Associated Proteins
Microtubules provide stability to the growing neurites 
and play a vital role in the association of the centrosome 
to the nucleus during nucleokinesis. Thus, it is clear that 
proper regulation of microtubule dynamics is necessary 
for neuronal migration.
Classical microtubule-associated proteins (MAPs), 
such as MAP1A, MAP1B, MAP2, and Tau, were among 
the first identified microtubule regulators (Dehmelt and 
Halpain, 2004). More recently, a host of ‘‘nonclassical’’ 
MAPs, including Lis1 and DCX family members, were 
shown to stabilize microtubules through a novel microtu-
bule binding domain. This structural difference suggests 
a potentially distinct regulatory process by these novel 
MAPs (Moores et al., 2004).
The best-described function of the classical MAPs is 
the stabilization of microtubules. This function is depend-
ent on the posttranscriptional modification of these pro-
teins. Phosphorylation of MAP1B leads to an increase of 
its association with microtubules, whereas phosphoryla-
tion of MAP2/Tau generally results in their dissociation 
from microtubules (Avila et al., 1994). Members of the 
classical MAP family were long proposed to play a role 34 Cell 128, January 12, 2007 ©2007 Elsevier Inc.in neurite initiation and neuronal morphology; however, 
recent development of mouse deletion mutants also 
revealed a function in neuronal migration (Dehmelt and 
Halpain, 2004). Of the two MAP1b mutant mouse strains 
created, one displays impairment in neuronal migration, 
whereas another strain exhibits subtle postnatal axonal 
caliber defects without apparent migration defects. Nev-
ertheless, more severe neuronal migration defects have 
been observed in MAP1b/Tau and MAP1b/MAP2 dou-
ble-mutant mice (Dehmelt and Halpain, 2004). Thus, it is 
likely that MAP1B, MAP2, and Tau act synergistically to 
facilitate neuronal migration.
Recent investigation of two nonclassical MAPs, Lis1 
and DCX, has further shed light on the regulation of 
microtubules and their function in neucleokinesis. Lis1 
was originally identified as the β1 noncatalytic subunit 
the platelet activating factor acetyl hydrolase (PAFAHβ1) 
(Reiner et al., 1993). Humans with a hemizygous deletion 
of chromosomal region 17p13.3, which includes Lis1, 
suffer from type I lissencephaly (Table 1), a severe brain 
developmental disorder that manifests a smooth brain 
surface, abnormal cortical layering, enlarged ventricles, 
and neuronal heterotopias (Ozmen et al., 2000). In mice, 
unlike humans, the heterozygous deletion mutants dis-
play very few abnormalities; however, mice with further 
decreased doses of Lis1 do exhibit disorganized corti-
cal layers (Hirotsune et al., 1998). Lis1 is a centrosome 
and microtubule-associated protein shown to promote 
microtubule stability by reducing the frequency of 
microtubule catastrophe in vitro (Sapir et al., 1997). In 
addition, Lis1 is a member of a highly conserved fam-
ily of genes that regulate nuclear migration in fungi, an 
event that is reminiscent of nucleokinesis in migrating 
neurons. Other members of this family include Ndel1, 
components of the cytoplasmic microtubule motor com-
plex dynein, and its adaptor complex dynactin (Morris 
et al., 1998). Lis1 and Ndel1 associate with dynein and 
appear to regulate the processivity of the motor com-
plex, possibly by modulating its ATPase activity (Gupta 
et al., 2002; Mesngon et al., 2006). In particular, Ndel1 
facilitates the interaction between Lis1 and dynein and 
is capable of targeting dynein, through Lis1, to the plus 
end of microtubules (Li et al., 2005; Shu et al., 2004). In 
addition, Ndel1 is important for targeting Lis1 and dynein 
to the centrosome, and facilitating the nucleation and 
anchoring of microtubules to the centrosome (Guo et al., 
2006). A direct role of the Ndel1/Lis1/dynein complex in 
neuronal development was examined through RNAi, or 
genetic mutations (Sasaki et al., 2005; Shu et al., 2004). 
These studies support a model whereby Ndel1, Lis1, 
and dynein regulate neuronal migration by maintaining 
the integrity of the microtubule structure that couples 
the centrosome to the nucleus. Recently, Ndel1 and 
Lis1 were shown to interact with a protein that confers 
susceptibility to schizophrenia, DISC1, suggesting that 
neuronal positioning defects may play a role in certain 
psychiatric disorders (Table 1). Interestingly, full-length 
DISC1, but not a patient-specific C-terminal-truncated 
Cell 128, January 12, 2007 ©2007 Elsevier Inc. 35form, binds to Ndel1 and Lis1. Moreover, loss of DISC1 
function by RNAi or the truncated form of DISC1 causes 
impairments in neurite extension and neuronal position-
ing (Porteous and Millar, 2006).
DCX was originally identified as the gene responsi-
ble for X-linked lissencephaly in males and subcortical 
heterotopia (or doublecortex) in females (Table 1). DCX 
deficiency in males results in migration defects similar to 
those observed in “classical lissencephaly,“ whereas in 
females it is manifested as a formation of a secondary 
cortical plate beneath the primary cortex. Presumably 
this pattern is produced by a mosaic effect derived from 
the X inactivation of DCX in individual cells. Surprisingly, 
the mouse DCX mutant has no apparent defects in corti-
cal lamination and only subtle abnormal positioning of 
hippocampal neurons (Hatten, 1999; Marin and Ruben-
stein, 2003). However, acute loss of function of DCX 
using RNAi-mediated gene silencing in utero results in 
both cell-autonomous and nonautonomous impairments 
of cortical migration reminiscent of the human pheno-
type (Bai et al., 2003). These results suggest a com-
pensatory mechanism in the DCX null mice by related 
proteins, such as doublecortin-like kinase (DCLK) (Lam-
bert de Rouvroit and Goffinet, 2001). Support for this 
hypothesis is provided by DCX/DCLK double-mutant 
mice, which display defects in neuronal migration, as 
well as axon growth (Deuel et al., 2006; Koizumi et al., 
2006). As with DCX, acute loss of function of DCLK1 
by in utero electroporation of RNAi leads to impaired 
migration and is also accompanied by a deregulation of 
spindle formation during neurogenesis (Koizumi et al., 
2006; Shu et al., 2006). Both DCX and DCLK play a role 
in microtubule stability. The importance of this function 
is supported by the number of patients with mutations 
that cluster in the tandem microtubule binding domains 
of the DCX protein (Taylor et al., 2000). Like the classical 
MAPs, the interaction of DCX and DCLK with microtu-
bules can be regulated by a number of different kinases 
(Schaar et al., 2004; Shmueli et al., 2006; Tanaka et al., 
2004). In addition, both DCX and DCLK can interact with 
Lis1 and probably function in a similar pathway to regu-
late microtubule dynamics during neural development 
(Caspi et al., 2000).
The Link between Actin and Microtubules
Although most studies focus on the separate functions 
of actin and microtubules, in reality, these two cytoskel-
etal elements function in close association during neu-
ronal migration. For instance, high-resolution time-lapse 
imaging revealed that microtubules engage in transient 
excursions into the actin-rich peripheral domain of 
growth cones. Several members of the Rho family of 
GTPases have been found to associate with microtu-
bules; thus, the microtubule excursions into the periph-
ery are capable of producing changes in actin dynam-
ics (Dehmelt and Halpain, 2004). At the transition point 
between these two domains, actin and microtubules 
are found to interact in structures known as actin arcs, 
which are thought to mediate the microtubule alignment from the growth cone to the neurite shaft (Schaefer et 
al., 2002). This dynamic interaction is made possible 
through shared regulatory proteins such as MAP1B, 
MAP2, and spectraplakins, which bind to both actin and 
microtubules (Dehmelt and Halpain, 2004). In addition, 
DCX has also been shown to bind and polymerize actin 
in a phosphorylation-dependent fashion and with the aid 
of a bridging protein called Neurabin II (Tsukada et al., 
2005).
There is some recent evidence to indicate that Lis1 is 
also involved in regulating the actin cytoskeleton. In addi-
tion to the defects associated with microtubule dynam-
ics, Lis1 haploinsufficiency also results in reduced fila-
mentous actin at the leading edge of migrating neurons, 
associated with upregulation of RhoA and downregu-
lation of Rac1 and Cdc42 activity. It appears that Lis1 
promotes the calcium-dependent activation of Cdc42 
through interaction with the calcium-sensitive GTPase 
scaffolding protein IQGAP1. In addition, Lis1 also helps 
to target IQGAP1 to the cell membrane, where it might 
play a role in the anchoring of microtubules through 
another member of the scaffolding complex, the micro-
tubule capping protein CLIP-170 (Kholmanskikh et al., 
2003; Kholmanskikh et al., 2006).
Despite all of this evidence, very little is known in 
terms of how signals are passed between the actin 
and microtubule cytoskeletons to trigger a coordinated 
mechanical response to the extracellular cues and gen-
erate directional motility.
Nonreceptor Kinases
A large collection of kinases has been shown to mediate 
neuronal positioning by phosphorylating the key compo-
nents of multiple pathways. These include Src, Fyn, PI3K, 
Cdk5, GSK3β, MAPK-upstream protein kinase (MUK), 
members of c-Jun N-terminal kinase family (JNK), and 
extracellular signal-regulated kinase (ERK) (Hirai et al., 
2002; Kawauchi et al., 2006; Konno et al., 2005; Simo 
et al., 2006). We herein use Cdk5 as an example to illus-
trate how such a kinase interacts with its numerous sub-
strates to regulate neuronal migration (Table S1).
The importance of Cdk5 and its two regulators P35 
and P39 in regulating neuronal migration has been 
extensively described. Mice depleted of Cdk5 or both 
P35 and P39 exhibit severe neuronal positioning defects 
in the brain regions, including the neocortex, hippocam-
pus, and cerebellum (Dhavan and Tsai, 2001). Interest-
ingly, migrating neurons in P35 mutant mice display an 
abnormal “branched migration,” suggesting that a fail-
ure to consolidate one leading neurite may contribute to 
the neuronal positioning defect (Gupta et al., 2003).
Cdk5 phosphorylates a wide range of substrates and 
regulates many different aspects of cellular functions 
(Dhavan and Tsai, 2001). Among these are key cytoskel-
eton structural proteins such as intermediate and heavy 
chains of neurofilaments, MAPs MAP1b, Tau, Ndel1, 
doublecortin (DCX), and the actin regulatory proteins, 
PAK1 and p27kip1. Cdk5 also phosphorylates other 
kinases and adaptor proteins including focal adhesion 
kinase (FAK), Src, and Dab1, as well as the cell adhesion 
protein, β-catenin (Kato and Maeda, 1999; Kawauchi et 
al., 2005; Keshvara et al., 2002; Paglini et al., 1998; Taka-
hashi et al., 2003; Tanaka et al., 2004; Xie et al., 2003).
As previously mentioned, the effect of phosphorylation 
on the function of the cytoskeletal-associated proteins is 
well established in terms of cytoskeletal structure, but 
the impact on neuronal migration is only speculated. 
For instance, PAK1, a kinase effector of Rac and Cdc42, 
is a substrate of Cdk5. Interestingly, association with 
p35/Cdk5 inhibits PAK1 kinase activity, thereby possibly 
regulating actin dynamics. However, Cdk5 phosphor-
ylation of PAK1 Thr212 may affect microtubule dynam-
ics (Banerjee et al., 2002; Nikolic et al., 1998; Rashid et 
al., 2001). In addition, Cdk5 phosphorylates the actin 
regulator p27kip1. This leads to stabilization of p27kip1 
levels, thereby regulating the amount of F-actin in the 
leading process of migrating neurons (Kawauchi et al., 
2006).Two recent studies have also directly investigated 
the important functions of Cdk5 phosphorylation of FAK 
and DCX during neuronal migration. Originally identi-
fied as the tyrosine kinase component of a multiprotein 
complex that links the extracellular matrix with actin fila-
ments at the focal adhesion site, FAK has been shown 
to be a physiological substrate of Cdk5 during brain 
development. The phosphorylation of FAK at Ser732 by 
Cdk5 is essential for the organization of a microtubule 
“fork-like” network that couples the nucleus and cen-
trosome. Inhibition of FAK phosphorylation by a Ser732 
to Ala mutation results in abnormal nuclear movements 
and neuronal positioning defects in vitro and in vivo (Xie 
et al., 2003). Likewise, Cdk5 phosphorylation of DCX on 
Ser297 is critical for its binding to microtubules. Abolish-
ing Cdk5 phosphorylation of DCX decreases the asso-
ciation of DCX with microtubules. This in turn leads to 
microtubule depolymerization and a defective migration 
of cerebellar granule neurons (Tanaka et al., 2004).
Cdk5 is also regulated by other kinases through phos-
phorylation. In conjunction with Cables, c-Abelson (c-
Abl) has been shown to phosphorylate Cdk5 at Tyr15, 
and this phosphorylation leads to the activation of Cdk5 
kinase activity (Zukerberg et al., 2000). It is not clear 
whether the activation of Cdk5 by c-Abl is required for 
proper neuronal migration, but the observation that c-
Abl and Cables are essential for neurite extension leads 
to the speculation that the activation of Cdk5 by c-Abl 
may be important for the extension of the leading proc-
ess during migration.
Extracellular Signals Involved in Neuronal Migration
A large number of molecules have been shown to func-
tion as extracellular signals for migrating neurons (Table 
S2). These molecules exhibit impressive diversity in both 
their physical characteristics and biological functions 
and can either be characterized as long-distance guid-
ance molecules or short-distance instructive molecules 
and cell-adhesion complexes.36 Cell 128, January 12, 2007 ©2007 Elsevier Inc.Long-distance Guidance Molecules
Several families of chemotropic molecules, including 
Netrins, Semaphorins, and Slits that were originally iden-
tified as the guidance cues for axonal navigation have 
also been found to guide neuronal migration (Tessier-
Lavigne and Goodman, 1996). The first indication that 
Netrin1 is involved in neuronal migration came from the 
observation that in Netrin1 null mice the basilar pontine 
nuclei are completely missing (Serafini et al., 1996). Fur-
ther analysis has shown that Netrin1 expression at the 
midline of the hindbrain attracts the tangential migration 
of pontine neurons from the rhombic lip via its recep-
tor deleted in colorectal cancer (DCC) (Yee et al., 1999). 
Conversely, Netrin1 and DCC mediate the repulsion of 
the cerebellar neurons from the external granule layer 
and the striatal neurons from the subventricular zone 
of the MGE (Alcantara et al., 2000; Marin and Ruben-
stein, 2003). Recent studies have begun to elucidate the 
intracellular mechanism underlying the cellular motility 
in response to Netrin1. Netrin1 stimulates the GSK3β 
and CDK5-dependent phosphorylation of MAP1B, thus 
potentially regulating microtubule and actin dynamics. 
Furthermore, the chemoattractive effect of Netrin1 on 
MAP1b-deficient neurons is compromised and MAP1b 
null mice display a similar migration defect of pon-
tine nuclei as in Netrin1 mutants (Del Rio et al., 2004). 
Another study has shown that Netrin1 may execute its 
guidance action through the regulation of a newly identi-
fied microtubule-plus end binding protein Neuron Navi-
gator-1 (NAV1), a mouse homolog of Unc-53, which reg-
ulates directional cell migration in C. elegans. However, 
the molecular link between Netrin1 and NAV1 has not 
been established (Martinez-Lopez et al., 2005).
Slit2 and its receptor Roundabout (Robo) have also 
been proposed to regulate neuronal migration. In vitro 
migration assays and in vivo expression patterns sug-
gest that Slit2/Robo guide both the tangential and radial 
migration of neurons. In addition, expression of Slit2 in 
the choroid plexus is implicated in repelling migrating cor-
tical neurons during development. However, other studies 
have shown that the migration of interneurons from the 
basal telencephalon to the neocortex is Slit1/2 independ-
ent, based on the intact migration of these cells in the 
Slit1/2 null mice. Therefore, the possible function medi-
ated by Slit2 during neuronal migration remains inconclu-
sive (Marin et al., 2003; Ward et al., 2003). Nevertheless, 
an intriguing intracellular signaling pathway has emerged 
linking Slit2/Robo to actin regulation. Slit2 was shown to 
stimulate the binding of a novel Rho GTPase activating 
protein (GAP) with the intracellular domain of Robo, lead-
ing to the inactivation of Cdc42 (Wong et al., 2001).
Another family of guidance molecules recently impli-
cated in neuronal migration is the semaphorins. Binding 
of semaphorin 3A and 3F to their neuropilin and plexin 
coreceptors regulates the sorting of cortical and stri-
atal interneurons from the MGE (Marin and Rubenstein, 
2001). The plexin receptors serve as scaffolds for several 
members of the Rho family of GTPases, thus regulating 
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kinases Fes and Fyn. Fes phosphorylates CRMP2, a pro-
tein thought to regulate microtubule dynamics, in a sem-
aphorin 3A-dependent manner. Furthermore, Fyn can 
phosphorylate Cdk5, which recently was also shown to 
phosphorylate CRMP2. Therefore, it seems that CRMP2 
regulation of microtubule stability is an important down-
stream effect of semaphorin signaling (Bagri and Tessier-
Lavigne, 2002; Kruger et al., 2005; Uchida et al., 2005).
Short-Distance Instructive Molecules and Cell-
Adhesion Complexes
The extracellular matrix (ECM) and surrounding cel-
lular architecture provide an environment rich in sig-
naling molecules, which migrating neurons must sort 
out if they are to arrive at their proper destination. For 
instance, proper regulation of the neuron-glia interac-
tion is essential for radial migration. Several proteins 
have been implicated in regulating this association, 
including astrotactin, integrins, and neuregulin. By 
contrast, TAG-1, an N-CAM member, and the cadherin/
catenin complex are thought to mediate neuron-neuron 
interactions. In addition, ECM glycoprotein γ1 laminin 
and its receptors integrin α6 and β1 have an indirect 
effect on neuronal migration by regulating the forma-
tion of the basal membrane and the anchorage of radial 
glia endfeet (Hatten, 1999; Lambert de Rouvroit and 
Goffinet, 2001; Marin and Rubenstein, 2003).
Apart from cell-adhesion complexes, several 
secreted factors also play a role in neuronal migra-
tion. The brain-derived neurotrophic factor (BDNF) 
and NT4, members of the neurotrophin family, were 
shown to promote the migration of cortical and cer-
ebellar granular neurons (Behar et al., 1997; Borgh-
esani et al., 2002). TrkB, the high-affinity receptor of 
BDNF and NT4, is expressed in migrating neurons in 
the cortical plate. Both BDNF and NT4 stimulate the 
motility of embryonic cortical cells in vitro through a 
Ca2+ion-dependent mechanism that involves the auto-
phosphorylation of TrkB (Behar et al., 1997).
Several neurotransmitters are also implicated in play-
ing a role modulating the migration of cortical projection 
neurons. For example, GABA is expressed in the devel-
oping neocortex in a pattern suitable to influence migrat-
ing cortical neurons. In vitro, GABA induces dissociated 
embryonic cortical neurons to migrate, and pharmaco-
logical experiments suggest that this effect is mediated 
through multiple GABA receptors. It is interesting, in light 
of the previously mentioned birth-date/layer association, 
that GABAA/C receptors are involved in the movement of 
cells from the ventricular zone to the intermediate zone, 
whereas GABAB receptors appear to influence migration 
from the intermediate zone to the cortical plate (Behar 
et al., 2001). Another receptor whose activity modulates 
the movement of projection neurons is the N-methyl-
D-aspartic acid (NMDA) subtype of glutamate recep-
tor. Blockade of NMDA signaling decreases cell migra-
tion, whereas enhancement of NMDA receptor activity 
increases the rate of cell movement (Komuro and Rakic, 1993). Regardless of the molecular mechanism for acti-
vation, it is clear that Ca2+ ion fluxes are necessary for the 
proper modulation of neuronal migration. The identifica-
tion of a Ca2+ ion-sensitive function of Lis1 (see above) 
suggests that this might be one of the downstream tar-
gets of the aforementioned signaling molecules. Inter-
estingly, the interaction between Lis1 and PAFAH may 
provide a regulatory feedback loop, since PAF has been 
shown to enhance NMDA receptor currents, leading to 
increases in intracellular calcium (Gressens, 2005).
Reelin Signaling: A Model for Convergence of 
Pathways
Matrix and membrane bound molecules also directly 
instruct neuronal migration. The classical members 
of this family include Reelin (Rice and Curran, 2001), 
EphB2 and its ligand EphrinB2, and heparin sulfate gly-
cosaminoglycans (Conover et al., 2000; Hu, 2001).
The Reelin signaling pathway is one of the most well-
known signaling mechanisms involved in the cytoarchi-
tecture of the cerebral cortex (Rice and Curran, 2001). 
Reelin is a large extracellular glycoprotein that binds to 
VLDLR and ApoER2, both members of the lipoprotein 
family of receptors, and induces tyrosine phosphoryla-
tion of the adaptor protein, Dab1. Mouse mutants in Ree-
lin, Dab1, or a compound receptor mutant, display neu-
ronal migration defects that are highly similar, indicating 
that they all function in a linear signaling pathway.
It is of interest to note that the aberrant behavior of 
Reelin signaling-deficient neurons has two components: 
(1) the early inability of the first-migrating neurons to 
split the preplate, and (2) the late inability of glial-guided 
cells to migrate past each other. This is supported by 
the recent finding that ectopic expression of Reelin in 
the ventricular zone via the nestin promoter rescues the 
preplate splitting phenotype but has little to no effect on 
the layering defect (Magdaleno et al., 2002). Thus, it is 
clear that the biological functions of the Reelin pathway 
are multifaceted, affecting many aspects of neuronal 
migration and possibly the development of radial glial 
processes (Forster et al., 2002; Hartfuss et al., 2003; 
Hunter-Schaedle, 1997).
The tyrosine phosphorylation of Dab1 holds a cen-
tral position in the understanding of the Reelin function 
because mice expressing Dab1 with all five phosphor-
ylation sites mutated phenocopy Reelin mutant (Reeler) 
mice (Howell et al., 2000). Family members of nonre-
ceptor protein kinase Src and Fyn have been shown 
to phosphorylate Dab1, and the phosphorylated Dab1 
further activates these kinases, creating a positive feed-
back loop (Arnaud et al., 2003; Bock and Herz, 2003). 
In addition, mouse mutants with a combined deletion of 
Src and Fyn have a significant reduction of Dab1 tyrosine 
phosphorylation and developmental defects in the fetal 
cortex and cerebellum very similar to those of the Dab1 
mutant mice (Kuo et al., 2005). It is speculated that Fyn 
and Src are presented to Dab1 through the Cadherin-
related neuronal receptor (CNR) and integrin α3β1, the 
other two receptors for Reelin (Dulabon et al., 2000; Sen-
zaki et al., 1999). Src kinase activity is required for Dab1 
to bind p85 in order to activate PI3K and transmit the 
signal downstream to protein kinase B (PKB, also known 
as AKT) and GSK3β (Bock et al., 2003). The cytoplas-
mic effectors of these kinases are less well established, 
but several studies have indicated that the regulation of 
microtubule dynamics may be the key. The first link to 
the microtubules has come from the Reeler mice and 
the VLDLR/ ApoER2 double-mutant mice. In these mice, 
hyperphosphorylation of microtubule binding protein 
Tau at Ser202 and Thr205 has been observed, suggest-
ing that one function of Reelin is to keep Tau phosphor-
ylation in check (Hiesberger et al., 1999). This observa-
tion has been further supported by a later study showing 
that the activation of PI3K by Reelin signaling results in 
the inhibition of GSK3β activity through serine phospho-
rylation, leading to Tau hypophosphorylation (Beffert et 
al., 2004). However, a recent study revealed that Reelin 
can also increase the activity of GSK3β through tyrosine 
phosphorylation, and the activation of GSK3β, in syn-
ergy with Cdk5, induces the phosphorylation of MAP1B 
(Gonzalez-Billault et al., 2005). These studies suggest 
that Reelin signaling can induce opposing phosphosta-
tus of MAP1B and Tau. It is likely that cytoskeletal regu-
lation by Reelin through phosphorylation of MAP1B and 
Tau is highly dynamic, depending on the context of cel-
lular compartment or phase of migration. For instance, a 
recent study has shown that the Reelin pathway directly 
regulates morphogenesis of the leading process dur-
ing the transition of neurons from locomotion to somal 
translocation (Olson et al., 2006). The Reelin signaling 
pathway has also been shown to associate with another 
microtubule regulatory protein, Lis1. Lis1 interacts 
directly with phosphorylated Dab1 in a Reelin-depend-
ent manner. Furthermore, mutations of Lis1 that cause 
severe, but not mild, lissencephaly result in loss of the 
interaction. Genetic analysis through Lis1 and Dab1 
compound heterozygotes showed that there is an epi-
static relationship between these two genes such that 
heterozygosity in either gene alone produces a normal 
or relatively mild phenotype, but heterozygosity of both 
genes results in a dramatic enhancement of hippoc-
ampal and cortical malformations (Assadi et al., 2003). 
Thus, this interaction may link the Reelin pathway to the 
Ndel1/Lis1/dynein pathway that regulates nucleokinesis. 
Currently, little is known about how Reelin stimulation 
coordinates the rearrangement of cytoskeletal elements 
at different cellular compartments or migratory stages.
Evidence also points to a role for Reelin as a signal 
to detach from the glial fiber. Reelin can also bind α3β1 
integrin receptors, and this interaction is independent of 
the Reelin/VLDLR/ApoER binding (Dulabon et al., 2000). 
One hypothesis for the function of this association is that 
by clustering the different receptors Reelin can modu-
late cell-cell adhesion through downstream signaling 
cascades. There is some recent evidence supporting 
this model. For instance, Dab1 has been shown to bind 
to the cytoplasmic tail of β1 integrin in a Reelin-depend-38 Cell 128, January 12, 2007 ©2007 Elsevier Inc.ent manner (Schmid et al., 2005). Furthermore, tyrosine 
phosphorylation of Dab1 induces downregulation of α3 
integrin levels, facilitating the detachment of migrating 
neurons from radial glia at the cortical plate (Sanada et 
al., 2004). The down regulation of adhesion complexes 
may also trigger a remodeling of the actin cytoskeleton 
since filamin 1 is also associated with the cytoplasmic 
tail of β1 integrin (Stossel et al., 2001). Thus, Reelin sign-
aling may also indirectly mobilize the actin cytoskeleton 
to promote migration.
Curiously, there is little evidence pointing to a cross-
regulation between the Cdk5 and Reelin signaling 
pathways. Comparative analysis of the Reelin- and 
Cdk5-deficient mutants has revealed some distinct dif-
ferences, prompting the belief that the Reelin and Cdk5 
developmental pathways work mainly in parallel. How-
ever, recent evidence points to a small degree of con-
vergence. For instance, both pathways are capable of 
regulating the function of the Lis1/Nudel/dynein com-
plex. Furthermore, Dab1 is a substrate of Cdk5, albeit 
this interaction occurs independently of Reelin signaling 
(Keshvara et al., 2002). Reelin signaling, as measured 
by tyrosine phosphorylation of Dab1, is intact in Cdk5 
knockout mice, but Dab1 protein levels are upregulated 
in certain populations of ectopic neurons. Moreover, 
recent compound genetic mouse mutants lacking p35 
and either VLDLR or ApoER2 suggest that these path-
ways are indeed capable of crosstalk. Whereas the sin-
gle p35, VLDLR, or ApoER2 knockout mutants have a 
relatively cell-free marginal zone, the compound mutants 
present a marginal zone that is substantially infiltrated 
by neurons, a phenotype that is highly reminiscent of the 
Reelin deficient mutant mice (Beffert et al., 2004).
Centrosomes and Polarity
Recently, several studies have focused on the establish-
ment of polarity during neuronal migration. As previously 
mentioned, it has been observed that in most migrating 
neurons, including cerebellar granule neurons, cortical 
neurons, and tangentially migrating interneurons, the 
movement of the centrosome into the leading neurite 
precedes nucleokinesis (Bellion et al., 2005; Schaar and 
McConnell, 2005; Shu et al., 2004; Solecki et al., 2004; 
Tanaka et al., 2004;  Xie et al., 2003). Therefore, the cen-
trosome has been proposed as an important “hub” not 
only for organizing the microtubule network that cou-
ples the nucleus (Tanaka et al., 2004; Shu et al., 2004), 
but also for potentially establishing the polarity that is 
important for directional movement. Two components 
of a conserved cell polarity complex, Par6α and pro-
tein kinase Cζ (PKCζ), are essential for centrosomal and 
nuclear movement. In addition, filamin 1 is also essential 
for the morphological establishment of neuronal polar-
ity and motility during migration (Nagano et al., 2004; 
Nagano et al., 2002). It is currently unclear how the 
centrosome facilitates the establishment of polarity in 
migrating neurons and how this polarity further impacts 
on the orientation of neuronal migration. More in-depth 
studies are required to elucidate their functional relation-
ship in this exciting topic.
The Machinery That Controls Migration Can Also 
Regulate Neurogenesis
Many studies directly support the theory that correct 
neuronal positioning depends on proper neurogenesis. 
Presenilin-1 is a protein that normally maintains the 
population of neural progenitors by negatively regulat-
ing neuronal differentiation. In presenilin-1 null mice, 
neurogenesis is impaired, and neural progenitors exit 
the cell cycle prematurely, leading to a disorganized cor-
tical lamination (Handler et al., 2000). Several proteins 
that are regulators of neuronal migration have also been 
found to regulate mitosis. One such group includes Lis1 
and associated proteins. In vitro studies have shown that 
Lis1 interacts with the dynein complex at cell cortex and 
kinetochore during mitosis to regulate spindle orienta-
tion, chromosome attachment, and mitotic progression 
(Faulkner et al., 2000; Tai et al., 2002). In addition, mice 
deficient in a mammalian homolog of Ndel1, known as 
Nde1, present abnormally small brains. Although corti-
cal lamination appears to be mostly intact, Nde1 mutant 
embryos display dramatic defects on mitotic progres-
sion, mitotic orientation, and mitotic chromosome 
alignment of cortical progenitors. Furthermore, in vitro 
analysis showed that Nde1 is essential for centrosome 
duplication and mitotic spindle assembly (Feng and 
Walsh, 2004). Likewise, Lis1 mutant mice exhibit a dos-
age-dependent reduction of neuroblast proliferation and 
abnormal interkinetic nuclear migration within the sub-
ventricular zone, accompanied by increased cell death 
(Gambello et al., 2003). In utero silencing of Lis1 expres-
sion by RNAi during neurogenesis also blocks mitosis 
and interkinetic nuclear migration (Tsai et al., 2005). 
Ndel1 and Nde1 also regulate dynein-mediated poleward 
protein transport in a phosphorylation-dependent man-
ner via its interaction with Lis1 (Yan et al., 2003). Another 
microtubule-associated protein that regulates neuronal 
migration, DCLK, also directly regulates the formation 
of the mitotic spindle in neural progenitors. The level of 
DCLK during neurogenesis is critical for proper spindle 
formation and mitotic progression. DCLK gain of func-
tion or loss of function induces abnormally large or small 
spindles, respectively. Interestingly, these manipula-
tions lead to a similar blockade of mitotic progression at 
prometaphase, and as a consequence, arrested neural 
progenitors exit the cell cycle and adopt a postmitotic 
neuronal fate (Shu et al., 2006).
Our understanding of the molecular mechanism 
underlying the coupling of neurogenesis and neuronal 
migration has just begun. A recent study has shown 
that proneural basic helix-loop-helix (bHLH) transcrip-
tion factors neurogenin 1 and 2 (Ngn1 and 2) not only 
promote neurogenesis, but they also enhance neuro-
nal migration by activating promigratory genes, such 
as DCX, and inhibiting the putative antimigratory gene 
RhoA (Ge et al., 2006; Mattar et al., 2004). Interestingly, the function of Ngn1 and 2 in neurogenesis and migra-
tion appears at least partially distinct, because these 
effects can be separated by different point mutations. In 
addition, the coactivator CBP, containing histone acetyl-
transferase activity, facilitates the transcriptional activity 
of Ngn1 and 2, suggesting that an epigenetic regulatory 
component is also involved in this process (Ge et al., 
2006). It is likely that other transcription factors also play 
important roles in linking neurogenesis and neuronal 
migration.
Neurogenesis and Neuronal Migration in Adult Brain
Although focal neurogenesis in the adult mammalian 
brain had been observed as early as the1960s, only 
in the past decade have the concepts of adult neuro-
genesis and neuronal migration been established and 
accepted (Ming and Song, 2005).
In the adult dentate gyrus, neurons are born on the hilar 
side of the granule layer and then migrate a short distance 
to settle in the granule layer. A small portion of these neu-
rons survives, matures, and participates in the local hip-
pocampal circuitry, where it is presumed to play a role in 
learning and memory as well as the response to antide-
pressant treatment (Doetsch and Hen, 2005; Leuner et 
al., 2006; Santarelli et al., 2003; van Praag et al., 2002).
One of the most impressive phenomena in adult 
neurogenesis is the migration of neuroblasts from the 
LGE, along the walls of the lateral ventricles and the 
rostral migratory stream to the olfactory bulb (Lois and 
Alvarez-Buylla, 1994; Luskin, 1993). With an impres-
sive 1% daily turnover rate, these neurons incorporate 
into the local circuitry and contribute to the olfactory 
process (Gheusi et al., 2000). Some molecular mech-
anisms regulating this unique migration have been 
identified, in particular, those associated with cell 
adhesion, such as integrins α6β1 and PSA-NCAM, 
and chemical guidance cues, such as netrins, ephrins, 
and slits. However, this field of study remains a fertile 
ground for discovery.
Conclusion
Remarkable progress has been made over the past 
century toward understanding neuronal migration on 
the molecular, cellular, and systems level. We now 
have begun to thoroughly comprehend neuronal 
migration as an essential life-long biological proc-
ess. However, it is also evident that many gaps exist 
in the frame of our knowledge. Several questions are 
left unanswered.  How is a migrating neuron able to 
interpret guidance cues (such as the molecular deter-
minants for layer specification)? What are the molecu-
lar mechanisms guiding neuronal polarity? How are 
the extensive interactions between different signal-
ing pathways coordinated? Additional insight may be 
gained through a comprehensive understanding of the 
link between the extracellular cues and the intracel-
lular signaling pathways. The regulation of cytoskel-
etal dynamics by these signaling pathways may ulti-Cell 128, January 12, 2007 ©2007 Elsevier Inc. 39
mately coordinate neuronal motility. For instance, how 
does reelin signaling coordinate the rearrangement of 
cytoskeletal elements at different cellular compart-
ments or migratory stages? Furthermore, we are just 
beginning to shed light on the extent of adult neu-
rogenesis and neuronal migration. One of the deter-
mining questions for the future will be how do these 
event impact on both the healthy and injured brain. 
The nature of the guidance signals that triggers the 
birth and migration of newly generated neurons in 
adult brain and injured neural tissues remains largely 
unknown. As our colleague Gregor Eichele wrote in 
1992—nearly 100 years after Cajal’s time—“What is 
perhaps the most intriguing question of all is whether 
the brain is powerful enough to solve the problem of 
its own creation.” This very question perhaps will keep 
us searching for the answer.
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